pin head, and even sperm cells without heads. 4 These conditions cannot be identified by routine semen analysis or functional tests since the deficiencies demonstrated by these methods are secondary manifestations of an underlying pathology.
Sperm preparation methods such as density gradient separation are routinely used to obtain highly motile and morphologically normal sperm for assisted reproductive technology (ART). Spermatozoa separated on a three-layer density gradient (40%, 60%, and 80%) demonstrate cell-to-cell variation in both fertile and infertile men. 5 Spermatozoa were separated into four fractions on the basis of their density and maturity. The lowest level of ROS production and DNA damage correlates with morphologically normal, motile spermatozoa obtained in the mature subset from fertile men compared with abnormal spermatozoa from infertile men. [14] [15] [16] Different subsets of spermatozoa obtained from the ejaculate of fertile men after separation on a three-layer density gradient differ in their proteome profile. 9 We have demonstrated an increasing trend in proteins involved in key biological processes during sperm maturation such as reproductive cellular process, gamete production, motility, oxidative phosphorylation, and energy metabolism. A decreasing trend was seen in the expression of proteins that were involved in key biological processes such as protein synthesis, protein transport, and response to oxidative stress. 9 Division of spermatozoa into phenotypes or subsets is of importance in the evaluation of its true fertility potential, particularly when using testicular spermatozoa for intracytoplasmic sperm injection (ICSI). A recent review by Esteves et al. 17 documented that infertile couples may benefit from ICSI with testicular spermatozoa instead of ejaculated spermatozoa if the male partners exhibit high sperm DNA fragmentation (SDF) in the ejaculate. We have also demonstrated that proteins critical for sperm maturation, motility, and fertilization are involved in biological processes that are activated or suppressed in different subsets of spermatozoa from fertile men. 9 However, the underlying pathways and the distribution of proteins in immature and mature sperm from infertile men have not been explored utilizing a proteomic approach. The present study is a continuation of our previous report on fertile donors deciphering the proteomic signatures in the spermatozoa of infertile patients to understand the underlying mechanism(s) of defective sperm maturation.
PATIENTS AND METHODS Patients
Following the approval of the study by the Institutional Review Board (IRB) of Cleveland Clinic (Cleveland, OH, USA), semen samples were collected from 11 infertile men. Men with leukocytospermia (Endtz test positive) and female factor infertility were excluded. All enrolled patients provided written consent to participate in the study.
Sample collection and semen analysis
Semen samples were examined according to 2010 World Health Organization (WHO) criteria. 18 All specimens were collected by masturbation after sexual abstinence of 48-72 h and were allowed to liquefy for 20 min at 37°C before further processing. Following liquefaction, manual semen analysis was performed, including evaluation of presence of round cells, presence of white blood cells by the peroxidase test (Endtz test), viability, and morphology as previously described. 9
Separation of sperm phenotypes and proteomic analysis
For separating immature and mature spermatozoa, a three-layer density gradient was used as described earlier. 9 It consisted of 2 ml of 40%, 60%, and 80% of the upper layer, intermediate layer, and lower layer, respectively. The three layers were reconstituted from the stock (100%) solution of the gradient with the SpermRinse medium (Vitrolife, San Diego, CA, USA). The stock gradient was an antibiotic-free bicarbonate and HEPES-buffered medium containing silane-coated, colloid silica particles. The SpermRinse medium was a bicarbonate and HEPES-buffered medium containing human serum albumin and gentamycin as an antibiotic (Vitrolife, San Diego, CA, USA). The three-layer gradient is a slight modification of the 2-layer density gradient method routinely used for preparing sperm for ART techniques, especially intrauterine insemination. 9 Briefly, 1-2 ml of liquefied semen sample was carefully loaded on the 40% gradient and centrifuged at 300 g for 20 min. The resulting interfaces between the seminal plasma and 40% (fraction 1), 40% and 60% (fraction 2), 60% and 80% (fraction 3), and the 80% pellet (fraction 4, mature fraction) were carefully aspirated, resuspended in human tubal fluid media (HTF, Irvine Scientific, Santa Ana, CA, USA), and centrifuged at 300 g for 7 min. The pellets of each fraction were resuspended in 0.5-1 ml HTF, and the total sperm count, motility, and morphology were assessed again.
Sperm proteins from two individual samples and one pooled (from four individuals after normalization for spermatozoa number and protein content) sample were dissolved in RIPA lysis buffer (Sigma-Aldrich, St. Louis, MO, USA) supplemented with proteinase inhibitor cocktail (Roche, Indianapolis, IN, USA). Protein concentration was determined by the Bicinchoninic acid (BCA) kit (Thermo, Rockford, IL, USA). Proteins were extracted and separated by 1-dimensional gel electrophoresis. Bands were digested with trypsin and analyzed on a LTQ-Orbitrap Elite hybrid mass spectrometer (Thermo) system as described. 9 Each sample was run in triplicate and the average was taken. 4 . High abundance: spectral counts >80; P ≤ 0.05; and NSAF ratio ≥1.5 for overexpressed and ≤0.67 for underexpressed proteins.
Bioinformatic analyses
Functional bioinformatics analyses were done with publicly available tools such as Gene Ontology (GO) annotations from GO Term Finder (http://search.cpan.org/dist/GO-TermFinder/), 21 GO Term Mapper (http://go.princeton.edu/cgi-bin/GOTermMapper), UNIPROT (The UniProt Consortium; http://www.uniprot. org/), Database for Annotation, Visualization and Integrated Discovery (DAVID; http://david.niaid.nih.gov), and proprietary software packages such as Ingenuity Pathway Analysis (IPA from Ingenuity® Systems; https://www.qiagenbioinformatics.com/products/ ingenuity-pathway-analysis/) and MetaCore™ (GeneGo Inc., Encinitas, CA, USA) to identify the cellular distribution of proteins and differentially affected processes and pathways.
Statistical analyses
The results were expressed as mean ± standard deviation (s.d. 
RESULTS

Semen analysis
Total sperm count (TSC), presence of round cells, motility, and total motile sperm count (TMS) before and after density gradient centrifugation are shown in (Figure 1c) . A higher recovery of TMS (×10 6 spermatozoa) was observed in F4 (23.46 ± 23.39) than F3 (12.68 ± 11.90) (Figure 1d ).
Overall protein abundance
The relative abundance of the identified proteins in the sperm samples was quantified. For higher accuracy of proteomic results, the protein abundance should be similar between the analyzed samples. The range of total SC was 31188-51131 which showed that the abundance of proteins in these samples was similar.
Distribution of proteins in different fractions
All fractions, i.e. F1, F2, and F3 were compared with mature fraction F4. A total of 1585 proteins were identified in the four fractions together. Among those, 1202, 1140, 1129, and 890 proteins were detected in F1, F2, F3, and F4, respectively. By comparing the F1 and F4 proteomes, 136 proteins were overexpressed in F1, 177 were underexpressed in F1, 158 were unique to F1, and 51 were unique to F4. When F2 was compared with F4, 113 proteins were overexpressed in F2, 111 were underexpressed in F2, 114 were unique to F2, and 24 were unique to F4. Comparison of F3 versus F4 showed 89 proteins overexpressed in F3, 53 underexpressed in F3, 38 unique to F3, and 8 unique to F4. All the four fractions were compared to identify the differentially expressed proteins (DEPs). Of the 656 DEPs, 75 proteins showed an increasing trend from fraction F1 to F4 ( Supplementary Table 1 ), while 279 showed a decreasing trend (Supplementary Table 2 ).
Identification of functional proteins
The Reactome pathway analysis showed that the majority of DEPs were involved in metabolism, particularly protein metabolism, disease processes, gene expression, and signal transduction (Figure 2a ). The percentage of proteins involved in various pathways that were either underexpressed or showed a decreasing trend or were overexpressed and showed an increasing trend from F1 to F4 is shown in Figure 2b . The functional annotations from use of the DAVID tool and their enrichment analysis with the number of key proteins involved are presented in Supplementary Table 3 . F1 was characterized by proteins involved in translation, elongation, protein transport, oxidoreductase activity, reproductive processes, spermatid development/differentiation, and regulation of apoptotic pathways. The proteins identified in F2 are involved in cell differentiation, protein-protein interactions, protein transport and localization, oxidoreductase activity, spermatogenesis, gonad development, and proteolytic pathways. The key processes of F3 proteins include generation of precursor metabolites and integration of energy metabolism, oxidative phosphorylation, protein catabolic process, and protein ubiquitination. Finally, the proteins identified in F4 were largely involved in reproductive functions ( Table 2 ). The proteins involved in intracellular transport, oxidation-reduction, cellular amino acid catabolic process, and alternative splicing showed an increasing trend from F1 to F4 (Supplementary Table 2 ). On the other hand, the proteins involved in spermatogenesis, protein metabolism, cell cycle, integration of energy metabolism, regulation of apoptosis, cell redox homeostasis, translational elongation, and response to protein folding showed a decreasing trend from F1 to F4 ( Supplementary Table 3 ). mature fraction (F1 to F4) were linked to 66 networks. The top networks were lipid metabolism, small molecule biochemistry, and molecular transport that included 25 proteins. Of these, 22 proteins participated in cell-to-cell signaling and interaction, cellular function and maintenance, and inflammatory response and 12 proteins were involved in cell death and survival, cellular compromise, and cancer ( Table 2) .
Proteins involved in top pathways and upstream regulators
On the basis of the common genes, 15 top pathways showed an overlap with each other and their translated protein product was shown to be gradually underexpressed from immature to mature fractions, while 8 connecting signaling pathways were predicted (Figure 3) . The proteins identified in our data set were analyzed using MetaCore™ to predict the upstream regulator(s) and the pathways involved (Figure 4a-4c ). The androgen receptor was predicted as one of the transcription regulators and the pathways affected were chaperone-mediated stress response, proteosomal pathway, and sperm function (Figure 4d ).
DISCUSSION
We have previously reported the proteome profile changes in these four subsets of immature and mature spermatozoa from fertile men separated by three layer density gradient. Our results demonstrated that proteins critical for sperm maturation are altered in stage specific manner in fertile men. Of these, 4 proteins, namely, heat shock protein HSP701A, clusterin, tektin 2, and tektin 3 were validated by western blot to corroborate the proteomic findings. 9 In this study, the goal was to compare the same four subsets of immature and mature spermatozoa in infertile men to understand why spermatozoa obtained in the mature fraction (F4), which separate the good quality spermatozoa in terms of motility, TMC, and even TSC, are still dysfunctional in achieving pregnancy. Therefore, in this study, a high-throughput shotgun proteomic approach followed by pathway analysis was used to understand the impaired molecular mechanism involved in sperm dysfunction.
Despite the absence of effective transcription and translation, spermatozoa undergo important functional transformation during epididymal transit. These modifications are essential to produce functionally efficient spermatozoa and depend on loss, modification, or remodeling of existing sperm proteins in response to the signals conveyed by the male reproductive tract. These signals are carefully regulated by an array of gene products in a stage-specific manner in which molecular chaperones play a key role. 22, 23 Molecular chaperones are structurally diverse proteins that are expressed nearly in all cells in response to cellular stress. 24 In the present study, we observed that two of the top three networks identified by IPA were associated with underexpression of molecular chaperones. These networks were related to posttranslational modification, protein folding, and molecular transport. Furthermore, these networks were involved in protein trafficking related to cellular processes such as cell cycle, cell survival, cell death, and developmental disorder.
Proposed pathway 1
In the first network, eight proteins of the chaperonin-containing T-complex/TCP1-ring complex (CCT2, CCT3, CCT4, CCT5, CCT6A, CCT7, CCT8, and TCP1), four HSP 70 family chaperones (HSPA2, HSPA1L, HSP90AA1, and HSP8), and three members of the co-chaperonin DNAJ (DNAJA1, DNAJB1, and DNAJC3) were identified as key proteins (Figure 2c) . Vesicular trafficking is conducted by gene products of Bardet-Biedl syndrome (BBS) and McKusick-Kaufman syndrome (MKKS). 25, 26 Disruptions of BBS or MKKS genes result in male infertility owing to the failure of flagellum formation in spermatozoa. [26] [27] [28] [29] The chaperonin-containing T-complex/TCP1-ring complex as part of the BBS/CCT complex may play a role in the assembly of BBSome, a complex involved in ciliogenesis regulating transport vesicles to the cilia. These proteins also have a role in the folding of actin and tubulin in vitro, and TUBB4B protein was identified in this network. Our liquid chromatography (LC)-MS/MS data also showed a decrease in tubulin (TUBB4B) as well as in both dynein heavy and light chains (DYNC1H1 and DYNC1LI1), further corroborating the concept of flagellar disassembly. Owing to the defects in flagellar disassembly, we did not find any change in Tektin (structural components of outer doublet microtubules) proteins as reported by us in spermatozoa of fertile men. 9 The ribosomal subunits that include two translation elongation factors (EEF1E1 and EEF1D) and two tRNA ligases (DARS and VARS) identified in the network were also underexpressed. These are responsible for linking aspartate and valine to their cognate tRNAs, thus inhibiting the incorporation of these amino acids into the protein.
In fact, Talevi et al. 30 have reported that treatment of spermatozoa with aspartate in vitro enhances sperm motility in oligozoospermic samples along with inhibition of DNA damage and membrane lipid peroxidation.
The HSP family proteins identified in the network were inducible by stress (e.g. HSPA1), constitutively expressed, or both (e.g. HSPH1, HSPA8, and HSP90AA1). Expression of some HSPs is developmentally regulated or restricted to specific cells. 31 HSPA2 is expressed on the sperm surface, and it is essential for sperm membrane remodeling during sperm-oocyte interaction. It may be used as a biochemical marker of human sperm function and male fertility. 32 Levels of human HSPA2 expression have been correlated with sperm maturity and male fertility. 32, 33 Therefore, a decline in HSPA2 expression may be responsible for improper maturation, which was not so in our previous study in fertile men. 9 We found HSPA1A to be downregulated from F1 to F4 in this study in infertile men as well as in our previous study in fertile donors. HSPA1A plays a pivotal role in the protein quality control system, ensuring the correct folding of proteins, re-folding of misfolded proteins, and controlling the targeting of proteins for subsequent degradation. It maintains protein homeostasis during cellular stress through two opposing mechanisms: protein refolding and degradation. 34 The other HSPs and DNAJ family proteins are reported to affect spermatogenesis or sperm function. 12 Proteins responsible for mitochondria-mediated cell death (FAM162) and the negative regulator of mitochondrial respiration (TRAP1) were also downregulated (Figure 2c) . Therefore, this network indicates that during the process of sperm production and maturation in infertile men, there is an impairment of the stress response protein that is demonstrated by the underexpression of chaperones in the network. This may lead to defects in the formation of the flagella and abortive apoptosis. Therefore, though the spermatozoa obtained in the most mature fraction (F4) appear normal, they are incapable of proper functioning after ejaculation.
The above findings were corroborated by the second predicted network (Figure 2d) showing deregulated posttranslational modification and protein folding, leading to developmental disorder.
Proposed pathway 2
The most important proteins were thioredoxins and peroxiredoxins which are reported to be abundantly expressed in developing spermatocytes. 35 Thioredoxin domain-containing protein 2 (TXNDC2) is a spermatid-specific thioredoxin-1 (also known as Sptrx-1) which is found exclusively in the tail of elongating spermatids and spermatozoa. 36 37 Although the expression of this protein showed a gradual decline from F1 to F4, still its presence in the most mature fraction implies defects in sperm flagella, which corroborates the findings in pathway 1 and our previous study regarding the expression of tektins. 9 Similarly, peroxiredoxin 4 (PRDX4) (Figure 2d ) is present as a membrane-bound form only in testes, and the unprocessed form may be involved in acrosome formation during spermiogenesis. 38 Peroxiredoxins are involved in hydrogen peroxide-mediated signaling in spermatozoa 39 and prevent oxidative stress during capacitation. 40 PRDX4 knockout mice showed elevated spermatogenic cell death via oxidative stress. 41 We observed a decrease in the expression of voltage-dependent mitochondrial outer membrane ion channels (VDAC1, VDAC2, and VDAC3) along with mitochondrial ATP synthase complex subunits (ATP5I, ATP5F1, and ATP5J). These findings suggest mitochondrial dysfunction, which may lead to oxidative stress and cell death as mentioned above. In addition, underexpression of isocitrate dehydrogenase (IHD1), lipoprotein lipase (LPL), and apolipoprotein A1 (APOA1) may be responsible for impaired lipid metabolism. This may result in altered lipid profile of the sperm membrane that in turn may affect fertilization. 42 Furthermore, underexpression of dynactin (DCTN2), contractin (actin-related protein 1 homolog A [ACTR1A]), and F-actin capping protein (capping protein Z line alpha [CAPZA]) observed in our study may lead to defects in microtubule packaging and centrosome formation. Since the spermatozoon donates its centriole during fertilization and is essential for cleavage, these spermatozoa from infertile patients may not be able to initiate cleavage in embryos after fertilization. One of the major groups from the network that we identified were the endoplasmic reticulum-specific protein suppressor enhancer lin- 12 
Table 2: Key proteins showing an increasing trend of expression from fraction 1 (F1: most immature) through faction 4 (F4: most mature) involved in structural assembly of spermatozoa, spermatogenesis, reproduction, sperm motility, energy metabolism, and oxidation-reduction processes
Proposed pathway 3
The third network demonstrated a deregulated molecular transport, protein trafficking, and cell cycle. In the present study, we identified nuclear transport receptor IOP5 or importin-5 and alpha karyopherins such as KPNA2, KPNA3, KPNA4, and KNPNB. These karyopherins are expressed in specific stages during spermatogenesis in the spermatogonium (KNNA1, KPNA2, and KPNA3), spermatocyte (KPNA2, KPNA3, and KPNA4), round spermatid (KPNA3 and KPNA4), and elongating spermatids (KPNA2 and IPO5). 43 These importins were all underexpressed in ejaculated sperm in our study. This finding suggests that together with RNA GTPase they may be responsible for impaired import of testis specific H1 histone (HIST1H1T). HIST1H1T is required for less compaction of nuclear DNA during meiosis and is subsequently replaced by protamines. Thus, these importins may play a role in nuclear abnormalities that may eventually render the spermatozoa incapable of fertilization or successful completion of postfertilization steps. The other two important proteins involved in exosome-mediated cargo delivery were ANXA1 and ANXA2. 44 These were underexpressed in this network. It is hypothesized that sperm maturation in the epididymis and regulation of sperm function are mediated by regulatory RNAs that are delivered by exosomes. 45, 46 In fact, Yang et al. 46 reported the presence of annexins in the seminal exosomes. Thus, an improper delivery of regulatory factors to the spermatozoa via exosomes might result in sperm dysfunction.
Proteasomes present in mammalian sperm play a pivotal role during fertilization. The enzymatic activity of the proteasome is modulated by protein kinase A and is involved in the progesterone-induced acrosome reaction. Furthermore, after capacitation, the acrosomal proteasomes facilitate the degradation of zona pellucida glycoproteins leading up to fertilization. 47 In this network, we identified eight subunits of 26S proteasome (PSMC3, PSMC4, PSMC6, PSMD5, PSMD7, PSMD8, PSMD11, and PSMD13). One of the nodal proteins, matrix-metalloproteinase (MME) or Neprilysin, was also identified in the network. Pinto et al. 48 reported that tachykinins present in human spermatozoa participate in the regulation of sperm motility, and their activity is regulated by Neprilysin. Another nodal protein involved in this network was 14-3-3 protein theta (YWHAQ) adapter protein which has been implicated in the regulation of a large spectrum of both general and specialized signaling pathways, 49 thus implying a signaling failure in F4 fraction in our study. We identified 15 overlapping networks on the basis of mutual genes that were affected during the process of maturation in these infertile patients. These networks may be responsible for poor sperm quality.
MetaCore™ pathway analysis
While IPA reports protein-protein interactions, MetaCore™ is an integrated software suite for functional analysis of experimental data of human protein-protein interactions, protein-DNA interactions, transcription factors, and signaling and metabolic pathways including disease and toxicity. The top pathway affected during maturation was identified to be mediated through TXN, PRDX1, signaling adaptor molecules (YWHAQ and YWHAB), and the molecular chaperons (HSP90AA1, HSP90B1, HSC70, HSPA5, DNAJA1, DNAJ2, DNAJB1, DNAJB11, DNAJC3, and STIP1). Taken together, all the networks and pathways described above suggest that the spermatozoa at different stages of maturation suffer from endoplasmic reticulum stress (ER stress) due to accumulation of unfolded or misfolded proteins as a result of underexpressed chaperone and proteasome activities, which will lead to induction of oxidative stress and abortive apoptosis. This is corroborated by the fact that the Clusterin is not differentially expressed in the spermatozoa of infertile men like that reported for fertile men. 9 Clusterin isoforms are responsible for differential regulation of apoptosis where the nuclear form promotes the process and the mitochondrial form opposes the process (Uniprot). In fertile men, its proper expression prevented apoptosis of mature spermatozoa where the mitochondria are intact and eliminated the spermatozoa with nuclear defects. Therefore, it is suggested that the process was impaired in infertile men leading to abortive apoptosis. Taken together, the cells that may appear morphologically mature may carry structural anomalies in the cytoskeleton, microtubules, and flagellum, thereby affecting the function of the spermatozoa. Androgen receptor is a transcription regulator. The presence of the AR in human spermatozoa has been demonstrated by Western blot and immunofluorescence assay. 50 AR is also localized in the head region. 51 In addition to stimulating cell growth, androgens or the AR plays an important role in apoptosis involving both intrinsic and extrinsic pathways. Short exposure of ejaculated spermatozoa to androgens produces an increase in AR phosphorylation, especially on the 110 kDa band which is the less expressed isoform in sperm cells. 51 Taken together, all the networks and pathways described in the present study show that the spermatozoa at different stages of maturation suffer from ER stress due to accumulation of unfolded or misfolded proteins as a result of underexpressed chaperone and proteasome activities. This may lead to induction of oxidative stress and abortive apoptosis. 52 Thus, although the spermatozoa in F4 fraction may appear morphologically mature and exhibit good motility and morphology following separation on density gradient as is the case during intrauterine insemination or in vitro fertilization, these sperm can potentially carry structural anomalies in the cytoskeleton, microtubule, and flagellum, thereby affecting the functional capabilities of the spermatozoa. A limitation of our study was that we could not perform the western blot validation of the MS-spectrometry data as the quantity of protein from the fractions, particularly F3 and F4, was insufficient.
In conclusion, the results of the present study show that a defective signaling cascade is responsible for the defective sperm function observed in infertile patients, particularly a decline in mitochondrial function and oxidative phosphorylation in the most mature fraction (F4), implying a state of energy deprivation. Furthermore, a dysregulated protein turnover and protein folding may lead to accumulation of defective proteins or proteins that otherwise would have been eliminated during the process of maturation and thus result in the impairment of sperm function. The present study provides mounting evidence that aberrant chaperone expression may be a major contributing factor to the defective sperm function seen in many cases of male infertility. Our study also identified the involvement of AR as the core player in the downregulation of the signaling leading to production of defective spermatozoa incapable of fertilization. Future studies conducted in larger study population are necessary to examine the distribution of proteins in infertile men with different clinical diagnosis such as varicocele and validate the important proteins to further help in understanding the underlying pathology of male infertility.
AUTHOR CONTRIBUTIONS
AA and RS planned the experiments. ZC selected the samples according to the clinical histories. ZC and LS analyzed the collected data. LS was involved in the manuscript preparation. RS, AA, and LS critically reviewed the manuscript. All authors read and approved the final manuscript.
This is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as appropriate credit is given and the new creations are licensed under the identical terms.
©The Author(s)(2018) Nucleoside metabolic process (4), generation of precursor metabolites and energy (7), oxidation-reduction (9), vitamin metabolic process (3) Mitochondrial inner membrane 
Supplementary
Alternative splicing (44) , acetylation (22) , cytoplasm (22), transport (15) , secreted (14) , organelle envelope (13), mitochondrion (12), oxidoreductase (9), generation of precursor metabolites and energy (7) Cytochrome-c oxidase activity (3) Reproductive process in a multicellular organism (5) , spermatogenesis (4), male gamete generation (4), sexual reproduction (4), phosphorus metabolic process (5), regulation of protein complex disassembly
(2) heterocyclic biosynthetic process (2) Multicellular organism reproduction (5) (13), cytoskeleton (12), transit peptide (10), sexual reproduction (6), generation of precursor metabolites and energy (5) YY1 (51) 
